Stimulation of Halobacterium halobium through its sensory photosystems, PS 370 and PS 565, leads either to a prolonged or to a shortened interval between two reversals of the swimming direction of the cell, the attractant or repellent response. Stimuli are integrated to yield the same response regardless through which photosystem they are given. Simultaneously elicited attractant and repellent signals cancel each other at any time during a reversal interval, even in the period of refractoriness shortly after a reversal, when the cell is insensitive to repellent stimuli. Successively applied stimuli are less completely integrated. The net response depends on the moment of stimulation during the interval, on the sequence of stimuli, and on the delay between them. Integration of successively applied effective stimuli (after refractoriness) is to a great extent explained in terms of a cellular oscillator (A. Schimz and E. Hildebrand, Nature [London] 317:641443, 1985) which is changed in opposite directions by attractant and repellent signals. Some conclusions on the shape of the oscillator after its disturbance by a stimulus can be made. Integration of signals during refractoriness leads us to postulate an additional step before the oscillator in the sensory pathway. Cancelling of simultaneous opposite signals is thought to proceed at this integrator. It also takes part in the integration of successively evoked signals. At this step signals rapidly decline within 10 ms, and the total life time (at least of repellent signals) does not exceed 1.2 s.
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Halobacterium halobium has polar flagella and can swim in either direction along its long axis. Owing to a change of flagellar rotation from clockwise to counterclockwise or vice versa (1), the cells reverse their swimming direction about every 10 s. Successive reversal intervals are, on average, equally long, i.e., the cells have no preferred swimming direction (6, 9) .
The organism has two retinal-dependent sensory photosystems of different spectral sensitivity, PS 370 and PS 565, through which its behavior can be controlled (2, 3, 12) . It is still an open question whether two distinct proteins (7) or two states of a single molecule in a photochemical cycle (14) act as the receptors. Other retinal pigments and carotenoids contribute to photosensing (2, 11, 16) . Light stimuli alter the interval between two reversals of the swimming direction. A light increase in the yellow-green range delays the next reversal and is therefore regarded as an attractant stimulus, while a light increase in the blue-UV range advances the next reversal and is regarded as a repellent stimulus. A light decrease in the yellow-green range, on the other hand, i.e., removal of attractant light, acts as a repellent stimulus, while a light decrease in the blue-UV range, i.e., removal of repellent light, acts as an attractant stimulus (3, 4, 15) . Consequently, we define a stimulus-induced increase of the interval length as an attractant response and the decrease as a repellent response.
The frequency distribution of interval lengths is log normal (6) . The responsiveness of the cells depends on the moment during an interval at which the stimulus is applied, i.e., the magnitude of the response increases and decreases in a sawtooth-shaped manner (9) . The periodicity of spontaneous reversals can be entrained by rhythmic light pulses within a certain frequency range (10) . These are criteria which indicate that the rhythmic swimming behavior is based on a cellular oscillator. Light stimuli are thought to change transiently the level of a regulatory substance and thereby shift * Corresponding author. the phase of the oscillator (9) . The cells respond only to a change in light intensity and quickly adapt to constant light conditions. Reversible methylation of membrane proteins has been found in halobacteria (8) and is thought to be involved in this kind of adaptation, as in eubacteria. A light stimulus alters the length of one interval only. This immediate return to the prestimulus behavioral pattern is probably caused by specific properties of the oscillator (9) . It (3) .
An attractant stimulus at 565 nm (light increase) and an equally effective attractant stimulus at 370 nm (light decrease) were integrated by the cell to yield the same response as stimulation of either photosystem with the twofold fluence rate, i.e., the interval length was increased to the same extent (Table 1) . Similarly, simultaneous stimulation by a repellent stimulus at 565 nm (light decrease) and a repellent stimulus at 370 nm (light increase) shortened the interval to the same extent as a repellent stimulus of the twofold fluence rate at either wavelength. Repellent and attractant stimuli cancelled each other ( Table 1 ). The same results were obtained with the mutant strain Flx3 (13) which lacks bacteriorhodopsin and halorhodopsin (data not shown).
While attractant stimuli are effective immediately after a reversal, the cell is absolutely refractory to repellent stimuli for about 500 ms after a reversal (9) . (This time refers to the first observable movement of the cell in the new direction. The actual refractory period with respect to the flagellar reversal which, according to our method could not be observed yet, will be longer by a constant amount.) We found that opposite stimuli cancel each other at any time, even during the period of refractoriness to repellents (Table  1 ). This shows that repellent stimuli are also recognized during that period.
Successively applied stimuli. (i) Repellent stimuli. A first repellent stimulus was applied 2 s after a spontaneous reversal, when repellent stimuli are fully effective (9) . A second repellent stimulus of the same strength was given with increasing delay as long as the cell had not responded to the first stimulus (Fig. 1A) . The resulting response was stronger than upon the first stimulus alone. No significant difference was found whether stimuli of the same wavelength were given or a stimulus at 565 nm was followed by a stimulus at 370 nm.
The shape of the curve is to a great extent determined by the increasing delay which is included in the measured interval. The response latency, i.e., the time between the onset of the second stimulus and the following reversal, which in this case better illustrates the responsiveness, shows that the strength of the response changed with increasing delay between the stimuli. It first decreased and, having reached a minimum at a delay of 0.5 to 1.0 s, again increased.
In another series the first repellent stimulus was given during the period of absolute refractoriness (Fig. 1B ). Up to a delay of 1.2 s the resulting' interval was shorter than that upon the second stimulus alone. At longer delays the first stimulus did not influence the response any more. Both curves first decreased as a result of increasing sensitivity during relative refractoriness, and thereafter the interval length increased owing to the increasing delay time, as in Fig. 1A .
(ii) Attractant stimuli. The first stimulus was given 2 s after a reversal, when its effect is maximal (9) , and the second one was given with increasing delay. The resulting interval was longer than upon the first stimulus alone. The response was the samne whether stimuli of the same wavelength were applied or a stimulus at 565 nm was followed by a stimulus at 370 nm ( Fig. 2A) . The magnitude of the response changed with increasing delay between the stimuli and reached a maximum when the stimuli were 2 s apart.
The time to reach the maximum in responsiveness slightly depended on the time at which the first stimulus was applied (Fig. 2B) . It was longest when the first stimulus was given 2 s after a reversal and was shortened to 1.5 or 1 s when the first stimulus was given earlier or later. In all cases the overall response to the two stimuli became maximally 3-4s longer than to the respective first stimulus alone.
(iii) Attractant and repellent stimuli. When an attractant and a repellent stimulus were given with a delay of only 20 ms they no longer canceled each other (Fig. 3A) . The magnitude of the response depended on the time after a reversal at which the stimuli were delivered and on the sequence of the two stimuli. During the period of absolute refractoriness to repellent stimuli, the response was an attractant response but weaker than with the attractant stimulus alone (Fig. 3A) . When the two stimuli were applied after the period of absolute refractoriness, the net response became a repellent response, which, however, was always weaker than with the repellent stimulus alone. The influence of the attractant stimulus was larger when it preceded than when it followed the repellent stimulus. Similar results were obtained when the delay between the two stimuli was raised to 500 ms (Fig. 3B) . Whenever the repellent stimulus came after the refractory period, the net response was a repellent response.
To test whether the sequence of like stimuli also has an 8- influence on the response, we applied two successive repellent stimuli of different fluence rate. It appeared that the stimulus given first had the stronger influence (Table 2) .
In the following series of experiments the first stimulus was given at a fixed time after a reversal, and the second stimulus followed with increasing delay.
Sequence: repellent-attractant. A repellent stimulus given during the period of absolute refractoriness weakened the response to the following attractant stimulus up to a delay of about 1.2 s between the two stimuli (Fig. 4A) . At longer delay times the interval length became the same as with the attractant stimulus alone delivered at the corresponding time.
When the repellent stimulus was delivered 550 ms after a reversal, i.e., during the period of relative refractoriness, it weakened the effect of the following attractant stimulus during the whole interval. The curve fairly well paralleled that obtained with the attractant stimulus alone (Fig. 4B) . When the repellent stimulus was given 2 s after a reversal, when the cells are fully responsive to repellent stimuli, the net response was always a repellent response, although weaker than with the repellent stimulus alone (Fig. 4C) . In The first stimulus was applied 1.5 s after a spontaneous reversal had been observed, and the second stimulus was applied 20 ms later.
was given 200 ms after a reversal. As long as the following repellent stimulus fell into the period of absolute refractoriness, the net response was a weak attractant response as expected (Fig. 5A) . With increasing delay, while the cell recovered from refractoriness (cf. Fig. 1B ), the influence of the repellent stimulus became dominating. When the delay times became longer than the spontaneous interval, the response, of course, became an attractant response again, but it always remained weaker than with the attractant stimulus alone. The same results were obtained whether the attractant and repellent stimulus were of the same wavelength or an attractant stimulus at 565 nm was followed by a repellent stimulus at 370 nm. The response latency with respect to the repellent stimulus became progressively shorter with increasing delay, but it always remained longer than with a repellent stimulus alone that was delivered at the corresponding time (Fig. 5A) . The decrease of the response latency had about the same rate whether the repellent stimulus was given alone or after an attractant stimulus.
In another experiment, the stimulation program was started 2 s after a reversal so that the repellent stimulus came after the period of refractoriness. In this case both the interval length and the response latency with respect to the repellent stimulus first increased to reach the highest values at a delay of about 2 s and then decreased (Fig. 5B) .
DISCUSSION
Several experiments presented (Table 1 ; Fig. 1A, 2A, 4B , and 5A) show that there is no difference in the strength of the behavioral response of H. halobium whether in a particular stimulation program attractant or repellent stimuli orboth are given through one of the two photosystems, or through both. Therefore, it seems most probable that cellular signals generated by the two photosystems are of the same nature, but opposite in sign according to the direction of light changes, and that they are processed by a common link in the sensory transduction pathway. This implies that the cell cannot discriminate between light increase (decrease) in the yellow-green range and light decrease (increase) in the blue-UV range.
Light pulses (opposite steplike stimuli of the like wavelength through one photosystem) yield the same response as two successive steps of the same sign but of different wavelength through both photosystems. This indicates that the response to light pulses is the result of integration of the attractant and repellent steps rather than of a summation over the pulse duration, which had been concluded from previous experiments (3). It appears that with the sequence repellent-attractant the opposite signals are integrated in a way such that the law of recip orocity is apparently obeyed. At present it cannot be ruled out that with pulses shorter than 10 ms reciprocity actually holds. repellent stimulus cancels the effect of a simultaneously TIME AFTER REVERSAL lsl applied attractant stimulus (Table 1) . For a certain period it also influences the response to a following effective stimulus ( Fig. 1B and 4A ). This indicates that repellent stimuli are also recognized at any time and that cellular signals are 4$ generated and integrated. (-) signals (the sign is chosen arbitrarily), which are handled by a common integrator. The output of the integrator is a + or -signal which changes the oscillator in opposite directions. Integration of these signals at the oscillator either advances (+) or delays (-) the time when the critical level is reached to activate the switch, which in turn induces a flagellar reversal.
other hand, should lower the level of the oscillator to delay the next reversal. An attractant stimulus should be more effective the farther away the oscillator is from the critical level at the moment of stimulation. The opposite is to be expected for a repellent stimulus. If successively applied stimuli are integrated at the oscillator, we would predict that the net response depends on the shape of oscillation induced by the first stimulus. Figure 2A shows that two attractant stimuli lead to the maximal response when they are 2 s apart. Consequently, when the second stimulus is a repellent one, its counteracting effect is smallest 2 s after the attractant stimulus (Fig. 5B) . Our results are consistent with the idea that the signal generated by the second stimulus is added to the instantaneous state of the oscillator. The shape of the response curves ( Fig. 2 and 5B) allows us to reconstruct the shape of oscillation after an attractant stimulus (Fig. 6) . A comparison of the response latencies in Fig. 5A leads to the conclusion that the final increase of the oscillator has the same rate in the undisturbed state and after an attractant stimulus.
Similar considerations can be made if the first stimulus is an effective repellent one. The results of integration with a following attractant stimulus (Fig. 4C) indicate that owing to a repellent stimulus the oscillator first rapidly increases and then transiently decreases again before it finally rises toward the critical level (Fig. 6) . The intermediate minimum of the oscillator can also be derived from the response latency in Fig. 1A . At higher stimulus strength the oscillator may reach the critical level directly without passing the intermediate dip.
During the period of relative refractoriness the cellular signal evoked by a repellent stimulus influences the oscillator only to a small extent (Fig. 4B) . Since the response curve roughly parallels that of free-running oscillation monitored with a single attractant stimulus, we assume that under these conditions the repellent stimulus raises the level of the oscillator but does not disturb its shape very much. The results in Fig. 3 and Table 2 show that the cell can recognize the sequence of successively applied stimuli when there is a delay of only 20 ms between them. This ability needs a biological clock and is most probably provided by the oscillator.
Integration before the oscillator. According to the oscillator model, it seems reasonable to assume that a stimulus which does not change the spontaneous interval does not influence the oscillator. We therefore conclude that a repellent stimulus given during the refractory period can influence the response to a second effective stimulus only in a step before the oscillator in the sensory pathway.
The phenomenon of absolute refractoriness allows us to study the function of the proposed integrator element separately. During the period of absolute refractoriness a repellent stimulus cancels the effect of a simultaneously applied attractant stimulus (Table 1) . A delay of 10 ms between the stimuli is sufficient to cause a response. The repellent stimulus weakens the effect of a following attractant stimulus (Fig. 4A) and enhances the effect of a following repellent stimulus (Fig. 1B) up to a delay of 1.2 s. This kind of signal integration is ascribed to the integrator element. We conclude from our data that the repellent signal rapidly declines within 10 ms and that its total life time does not exceed 1.2 s.
In summary, we postulate at least two successive elements for signal integration in the photosensory pathway, the integrator and the oscillator (Fig. 7) . The integrator is involved only at delay times up to 1.2 s between stimuli; at longer delays integration takes place merely at the oscillator.
Dominance of the repellent signal. In a sequence of opposite stimuli of equal strength, the effect of the repellent stimulus always dominates ( Fig. 3 and 4C ). Since opposite stimuli cancel each other when applied simultaneously, this cannot be due to different processing of the signals by the integrator. Rather, we have to assume that repellent signals alter the level of the oscillator faster or to a greater extent or both than attractant stimuli do (Fig. 6) .
Refractoriness may be an inherent property of the oscillator. Since repellent signals generated during refractoriness are processed by the integrator, the phenomenon of refractoriness must be related to a later step. Obviously it is not the switch which is refractory, because reversals can occur at least every 4 s (10), while refractoriness is also observed with stimuli which would evoke the reversal at a later time. Our results make it most probable that during the refractory period a repellent signal by itself cannot change the oscillator. We assume that this is a property of the oscillator which occurs shortly after it has crossed the critical level. A decrease of the oscillator level owing to an attractant signal does not cause a second period of refractoriness during the interval. Already at 20 ms after an attractant stimulus a following repellent stimulus leads to a net repellent response (Fig. 3A) . This indicates that it is not simply the decrease of the oscillator which causes refractoriness, but rather its behavior near the critical level.
